We report the surface plasmon polariton interference, generated via a 'buried' gold grating, and imaged using a phase-sensitive Photon Scanning Tunneling Microscope (PSTM). The phase-resolved PSTM measurement unravels the complex surface plasmon polariton interference fields at the gold-air interface.
Introduction
One prominent development in the field of optical microscopy date back to 1989, when Reddick et al. [1] developed a new form of scanning optical microscope called Photon Scanning Tunneling Microscope (PSTM). The operating principle of PSTM is based on the generation of evanescent waves by total internal reflection of a light beam followed by its frustration using a sharpened optical fiber probe. Experimentally verified in 1957 [2] , Surface Plasmon Polaritons (SPPs) excited at a metal-dielectric interface were found to inherit many properties of the evanescent waves, except that the fields associated with the SPPs decays exponentially into both sides of the metal-dielectric interface. SPPs are charge density waves that can be optically excited on the metal-dielectric interface when the inplane wave vector component of the incident photon (k x ) matches the SPP wave vector (k sp ) [3] . Excitation of multiple SPPs by patterning the metal surface have found a range of applications like surface plasmon interference nanolithography [4] , photonic band gap materials [5] , and sensing devices [6] . However, there has not been an attempt made to separate the different SPPs excited on a patterned metal surface.
A conventional PSTM measurement [7, 8] on a patterned metal surface yields only the intensity of the optical field. In order to separate the multiple SPPs, one should measure both amplitude and phase of the optical field on the metal surface. In this work, we use a heterodyne interferometric (or phase-sensitive) PSTM [9] [10] [11] [12] [13] to measure the complex SPP interference field, generated on a gold-air interface by simultaneously exciting two SPP waves on the interface: one using prism coupling and another using grating coupling [3] . The interference between the two SPP waves, having same energy and propagating in different in-plane directions, manifests as a beating pattern formed along the direction of k x . The two SPP modes are separated by filtering the desired wave vectors in the two-dimensional Fourier Transform image of the total optical field [11] .
The paper is organized as follows. Section 2 explains the different steps involved in the fabrication of a gold buried grating. In Sect. 3, we explain the phase matching condition for the simultaneous excitation of two SPPs and the experimental procedure to acquire the phase-sensitive PSTM images of the SPP interference. The PSTM images showing the interference of two SPPs along with discussions and conclusion are presented in Sects. 4 and 5, respectively.
Fabrication
In a Kretschmann-Raether (KR) configuration [14] for the excitation of the SPPs, a periodic corrugation of the metalair interface scatters the SPPs at that interface into radiation. The scattering can be minimized by turning the grating upside down to form a "buried grating." The glassmetal interface is corrugated leaving a flat metal layer on top to support SPPs [15] . The steps to fabricate a buried gold grating are illustrated in Fig. 1 . A 0.5 duty cycle linear grating, with period of 1.65 µm and depth of 50 nm, was milled into a 0.15 mm thick glass cover slip using a Focused Ion Beam (FIB) (see Fig. 1(b) ). A thin layer of gold-palladium mixture was deposited on the cover slip prior to the milling action to eliminate charging effects (not shown). The grooves were then filled with gold using the FIB together with a gold gas injection system (see Fig. 1(c) ). A 50 nm thick gold layer was deposited on top of the grating using electron beam evaporation technique (see Fig. 1(d) ). A drift of the FIB or an inaccurate dwell time for the deposition of gold caused a FIB positioning error, and hence an over/under filling of the grooves.
Experimental procedure
The buried gold grating was placed on a glass (BK7) hemispherical prism with index matching oil in between. The hemispherical prism was mounted on a convenient rotating stage providing an azimuthal rotation angle ranging from 0 • to 90 • , in steps of 0.5 • . A fiber collimator, mounted on a goniometric stage for angles ranging from 42 • to 50.8 • , illuminated the sample from the prism side [13] . A polarizer ensured an input beam polarized in a direction parallel (p-polarized) to the plane of incidence. Figure 2(a) shows a reciprocal space representation of the phase matching condition to excite two SPPs at the goldair interface. The incident light coupled to SPPs when k x is equal to k sp . The grating wave vector k g was rotated in-plane by an angle β such that the −1st evanescent diffracted order coupled to SPPs. The evanescent waves associated with the 0th and the −1st diffracted order cannot couple to SPPs at the periodic glass-gold interface due to the higher value of the wave vector SPPs at that interface [3] . Hence, the coupling between the SPPs through the gold film is not relevant in this particular study.
A schematic of the phase-sensitive PSTM for imaging two SPPs is shown in Fig. 2(b) . The laser light (free space wavelength of 657.3 nm) was split into two the two arms of an interferometer: one formed the reference arm of the interferometer and the other formed the signal arm that illuminated the sample. The optical frequency in the reference arm was shifted by 100 kHz using two acousto-optic modulators (not shown). A metal-coated optical fiber probe was raster scanned on the gold surface. The optical signal, picked up by the fiber probe, was combined with the signal in the reference branch in a 2×2 fiber coupler (heterodyne mixing). The interference signal from the two outputs of the fiber coupler was 180 • out of phase with each other. A balanced detection scheme [16] was used to cancel the noise in the reference signal and enhance the intensity of the difference signal. The signal was measured using a photodiode and a dual-phase lock-in-amplifier to extract the amplitude and the phase of the optical field on the sample surface. The PSTM was operated in constant distance mode using tuning fork shear-force feedback [17] . Thus, topographical information and complex optical field on the gold surface were simultaneously retrieved.
Measurements and discussion
A phase-sensitive PSTM measurement on the buried gold grating is presented in Fig. 3 . The topography of the grating shows a residual modulation of 34.5 ± 3.9 nm on the surface which is attributed to an over-filling of the grating grooves. A comparison between the topography and the optical amplitude (see Fig. 3(b) ) images shows that the optical amplitude is minimum where the topography shows a maximum and vice versa. The former behavior can be attributed to an over-filling of the grooves, mentioned in Sect. 2, which leads to an under-coupling of the prism-coupled SPPs. The minimum in the topography image corresponds to the optimum thickness (50 nm) to excite prism-coupled SPPs [3] , and hence we see a maximum in the optical amplitude. In the real part of the total optical field, shown in Fig. 3(c) , a plane wave whose wave vector lies in the plane of incidence is seen. In addition, a modulation of the wave fronts is also visible.
In order to separate the different plane waves present in the total optical field, a Fourier transform of the total optical field is taken. A zoom-in region of the magnitude of the Fourier transform of the total optical field is shown in Fig. 3(d) . There is an intense feature in the image which corresponds to the 0th order evanescent wave. The features corresponding to the evanescent diffracted orders are seen on either side of the 0th order feature. The feature corresponding to the +1st diffracted order is hardly visible in the image. The 0th, −1st and the +1st diffracted orders are individually selected from the 2D FT image shown in Fig. 3(d) and shown separately in Figs. 4(a)-4(c). Investigating those components by Fourier back transformation gives three plane waves which propagate at different angles. The angle between the plane waves shown in Figs. 4(a) and 4(b) is 19.3 • . That means the two SPPs, coupled individually by the prism and the grating, are at an angle of 19.3 • with respect to each other. The +1st evanescent diffracted order has a shorter wavelength, as expected from the phase matching diagram shown in Fig. 2(a) .
Conclusion
In conclusion, the complex SPP interference generated at a gold-air interface using a gold buried grating has been measured with sub-wavelength resolution using a phasesensitive PSTM. Fourier analysis untangles the interfering fields and reveals the excitation of two SPPs propagating at different angles. We believe that the capability of a phase-sensitive PSTM to separate the SPPs will find application in the optical characterization of other plasmonic (nano)structures with sub-wavelength resolution. 
